Abstract. In a number of large clinical studies, concurrent administration of the epidermal growth factor receptor-tyrosine kinase inhibitor (EGFR-TKI) with cytotoxic chemotherapy has failed to improve the survival rate in unselected patients with advanced non-small cell lung cancer (NSCLC). The purpose of the current study was to investigate the antitumor effects of gefitinib in combination with docetaxel in EGFR-TKI-sensitive, primary resistant and acquired resistant human lung cancer cell lines and the associated molecular mechanisms. EGFR-TKI-sensitive and EGFR-TKI-resistant human lung cancer cell lines were exposed to gefitinib or docetaxel alone, or in combination. Cell viability was assessed using the MTT assay. Cell cycle distribution and apoptosis were measured by flow cytometry and alterations in signaling pathways were examined by immunoblotting. The cytotoxic interaction between docetaxel and gefitinib was determined by combination index (CI) analysis. Coadministration of gefitinib and docetaxel was observed to result in superior inhibition of tumor cell proliferation, however, increased rates of apoptosis were only observed in EGFR-TKI-sensitive cells, whereas, antagonistic activity was observed in the EGFR-TKI-resistant cell lines. Gefitinib arrested the cell cycle at the G1 phase, whereas docetaxel arrested the cell cycle at the S phase. In addition, in cells exhibiting a synergistic interaction between gefitinib and docetaxel, an increase in p-EGFR and p-AKT was observed following chemotherapy exposure. By contrast, in cells exhibiting no change or a decrease in p-EGFR and p-AKT following docetaxel treatment, an antagonistic interaction between the two agents was observed. In conclusion, the combination of docetaxel and gefitinib generated synergistic effects in EGFR-TKI-sensitive cells and antagonistic effects in EGFR-TKI-primary and acquired resistant cells, suggesting that EGFR-TKIs, combined with docetaxel, may be beneficial to NSCLC patients with EGFR mutations. The results also indicate that the interactions between gefitinib and docetaxel may be associated with the effect of docetaxel on EGFR phosphorylation.
Introduction
Non-small cell lung cancer (NSCLC) is the most common type of lung cancer accounting for 80-85% of all lung cancer cases (1) . At present, traditional cytotoxic chemotherapy has reached a therapeutic plateau with limited survival benefits for advanced NSCLC patients and novel combinations of available cytotoxic agents are unlikely to confer clinically relevant survival improvement (2) .
Treatment with targeted agents has improved progression-free and overall survival in patients with a variety of tumors, including NSCLC. Gefitinib and erlotinib, as certain epidermal growth factor receptor tyrosine kinase inhibitors (EGFR-TKIs) have been approved as second-line treatments for lung cancer (3) .
Marked response rates of EGFR-TKIs are associated with activating mutations in the EGFR gene (4) . Despite this patients with K-ras mutations have been shown to confer primary resistance to gefitinib and erlotinib therapy (5) . In addition, patients with EGFR-mutant tumors who initially respond to treatment with EGFR-TKIs are likely to develop progressive disease following one year of EGFR-TKI treatment, a hypothesis referred to clinically as acquired resistance (6) . Regardless of considerable efforts for the improvement in diagnosis and treatment of lung cancer, the majority of patients present at an advanced stage and prognosis remains poor, with an overall 5-year survival probability of ~15% (7, 8) . Therefore, there is a requirement to identify novel treatment strategies to improve the outcomes of patients with lung cancer.
Docetaxel is a well-established anticancer agent and a member of the taxoid family. It is a mitotic inhibitor that promotes the assembly of microtubules from tubulin dimers and stabilizes microtubules by preventing depolymerization (9) . In this manner, docetaxel specifically arrests the cell cycle at the S or G2/M phase and induces apoptosis in tumor cells (10) .
At present, there is interest in assessing the efficacy of EGFR-TKIs administered in combination with cytotoxic chemotherapeutic agents. Gefitinib is the first EGFR tyrosine kinase inhibitor that has been shown to be an effective monotherapy for the treatment of chemotherapy-failed advanced non-small cell lung cancer (11, 12) . Preclinical studies suggested that the combination of gefitinib with chemotherapy was expected to improve survival (13, 14) . However, despite preclinical data suggesting additive or synergistic effects when combining EGFR-TKIs with chemotherapy, concurrent administration of the EGFR-TKI gefitinib with first-line chemotherapies has failed to improve survival in unselected patients with advanced NSCLC in two large clinical trial studies (15, 16) . Two hypotheses have been proposed to explain the unexpected negative outcomes of the EGFR-TKIs and chemotherapy combination studies in advanced-stage NSCLC: i) Lack of patient selection with a predictive marker; and ii) incorrect choice of chemotherapeutic agent, dose and regimen (17, 18) . Thus, one of the major challenges for an optimal use of combination EGFR-TKIs and chemotherapy is to determine which patients are more likely to gain a therapeutic advantage from the treatment.
In the present study, EGFR-TKI-sensitive, primary resistant and acquired resistant human lung cancer cell lines were used as in vitro models to define the differential effects of gefitinib and docetaxel combination on cell proliferation, apoptosis, cell cycle distribution and signaling pathways.
Materials and methods
Drugs. Docetaxel (Taxotere; Sanofi Aventis, Labège, France) was purchased as a commercial product from our hospital pharmacy and was dissolved in dimethylsulfoxide (DMSO) at 1 mM, as a stock solution. Gefitinib (Iressa) was obtained from AstraZeneca (London, UK) and was dissolved in DMSO to a stock concentration of 10 mM. The drugs were stored at -20˚C and diluted with culture medium prior to use. The final concentration of DMSO in the Dulbecco's modified Eagle's medium (DMEM) was maintained at <0.1%.
Cell lines. The EGFR-TKI primary resistant A549 lung cancer cell line (mutant KRAS/wild-type EGFR) was purchased from the American Type Culture Collection (Manassas, VA, USA). The EGFR-TKI-sensitive PC9 (mutant EGFR/wild-type K-Ras) and the gefitinib-acquired-resistant PC9/GR human NSCLC cell lines were provided by Dr Xuchao Zhang, Guangdong Lung Cancer Institute (Guangdong, China). A549, PC9 and PC9/GR cell lines were cultured in DMEM (HyClone, Logan, UT, USA) supplemented with 10% fetal bovine serum, penicillin (100 UI/ml) and streptomycin (100 µg/ml) at 37˚C in a humidified atmosphere with 5% CO 2, and harvested with trypsin-EDTA when the cells had reached exponential growth.
Cell proliferation assay. The MTT assay was used to determine the antitumor effects of each drug. In brief, cells were plated in 96-well plates, in which the number of cells per well was 3,000 A549 cells, 3,500 PC-9 cells and 3,500 PC9/GR cells. Following overnight culture, cells were treated with increasing doses of gefitinib or docetaxel for 72 h. The IC 50 value was the concentration resulting in 50% cell growth inhibition by a 72 h exposure to drug compared with the untreated control cells. Following cell exposure to each drug for 72 h in 96-well plates, 20 µl MTT (5 mg/ml) solution was added to each well and then the optical density (OD) of each well was determined at 490 nm on an ELISA plate reader (Bio-Rad Laboratories, Inc., Winooski, VT, USA) following 4 h incubation at 37˚C. The percentage of cell growth inhibition resulting from each drug was calculated as: [(OD490 control cells -OD490 treated cells )/OD490 control cells ] x 100. This assay was repeated in more than three independent experiments.
Analysis of interactions.
To evaluate the antiproliferative effects of the combined treatment, the A549, PC9 and PC9/GR cells were concurrently exposed to gefitinib and docetaxel for 72 h. The two drugs were combined in a constant ratio of doses that typically corresponded to 0.125, 0.25, 0.5, 1, 2 and 4 times that of the individual IC 50 s. Interactions between gefitinib and docetaxel were expressed as the combination index (CI) according to the Chou and Talaly method using CalcuSyn software (ComboSyn, Inc., Paramus, NJ, USA): CI>1, CI=1 and CI<1 indicate antagonistic, additive and synergistic effects, respectively (19) .
Cell cycle analysis. Cell cycle analysis was conducted using flow cytometry. Cells (1x10 5 /well) were seeded into six-well plates. Following 24 h incubation, the cells were treated with docetaxel and gefitinib as single agents or in combination at the concentration of IC 50 levels for 72 h. Next, the adhered cells were harvested by trypsinization, washed twice with phosphate-buffered saline (PBS) and fixed in 75% cold ethanol at 4˚C overnight. DNA staining was performed using a solution with propidium iodide (PI; 50 µg/ml), 0.1% Triton X-100 and RNase (200 µg/ml) in the dark for 30 min at room temperature. Cells were analyzed using a FACScan cytometer (Becton Dickinson, San Jose, CA, USA) and the percentages of cells in the G0/G1, S and G2/M phases of the cell cycle were estimated using ModFit LT 4.0 software (Verity Software House, Topsham, ME, USA).
Annexin V assay for assessment of apoptosis. The effects of each individual and combination of drugs on apoptosis were analyzed in A549, PC9 and PC9/GR cell lines, using flow cytometry. As a standard, 2x10 5 cells in the exponential growth phase were seeded in 60 mm 2 dishes. After 24 h incubation, cells were treated with single or double drugs using the IC 50 concentration, as for the growth inhibition assay. After 72 h treatment, the adherent and floating cells were collected, washed twice with PBS, resuspended in an Annexin V binding buffer, and incubated with 5 µl Annexin V and 10 µl propidium iodide (40 µg/ml) at room temperature in the dark for 15 min. Following incubation, the stained cells were analyzed using a flow cytometer. Cells with no drug treatment were used as a control. Data was analyzed by CellQuest software (Becton Dickinson).
Western blot analysis. A549, PC9 and PC9/GR cells (1x10 6 /well) were cultured on 100 mm 2 plates overnight and treated with gefitinib and docetaxel as single agents and in combination for 72 h, at IC 50 levels. The cells were washed with ice-cold PBS solution and scraped in lysis buffer. The lysates were centrifuged at 13,380 x g for 30 min at 4˚C and the supernatant was collected. Equivalent cellular proteins were analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to polyvinylidine difluoride (PVDF) membranes. The membranes were blocked in PBS buffer containing 5% milk and 0.1% Tween-20 for 2 h. Next, the appropriate primary antibodies against pY1068 EGFR, EGFR, ps473AKT, AKT and β-actin purchased from Cell Signaling Technology (Beverly, MA, USA) were used and incubated overnight at 4˚C. Visualized of proteins was performed with a horseradish peroxidasecoupled secondary antibody from Cell Signaling Technology at room temperature for 1 h. Specific bands were detected using the enhanced chemiluminescence reagents (Millipore, Billerica, MA, USA). Equal loading was assessed by immunoblotting for β-actin, total EGFR or total AKT, as indicated.
Statistical analysis. The results obtained from at least three independent experiments are expressed as the mean ± standard deviation. Student's t-test and one-way ANOVA used to determine the differences between control and treatment groups. P<0.05 was considered to indicate a statistically significant result.
Results

Different antiproliferative effects of gefitinib and docetaxel in EGFR-TKI-sensitive and EGFR-TKI-resistant NSCLC cell lines.
The effects of gefitinib and docetaxel on the proliferation of the three NSCLC cells were determined using an MTT assay. Dose-dependent growth inhibitory effects of gefitinib or docetaxel were observed in NSCLC cell lines (Fig. 1) . Table I summarizes the IC 50 of these two drugs. To investigate the effects of combined treatment, PC9, A549 and PC9/GR cells were exposed to various concentrations of gefitinib and docetaxel concomitantly for 72 h. In EGFR-TKI-sensitive PC9 cells concurrent administration of the drugs resulted in synergistic effects (CI<1; Fig. 2 ). By contrast, antagonistic activity was observed in EGFR-TKI primary resistant A549 cells and acquired resistant PC9/GR cell lines (CI>1).
Cell cycle effects of gefitinib and docetaxel. Flow cytometry was used to evaluate the cell cycle phase distribution in the NSCLC cells following single-drug and concurrent administration of gefitinib and docetaxel for 72 h. Cell cycle analysis in the PC9 cell line demonstrated that treatment with gefitinib alone increased the population of cells in the G0/G1 phase with a concomitant decrease in S phase (P<0.05; Fig. 3 ). However, in A549 and PC9/GR cell lines, when treated with gefitinib alone marked additional G0/G1 phase arrest was observed. Following administration of docetaxel alone, the S or G2 phase fraction significantly increased in PC9, A549 and PC9/GR cell lines (P<0.05). When EGFR-TKI-sensitive PC9 cells were exposed to docetaxel combined with gefitinib, a similar cell cycle arrest pattern (mainly S phase arrest) as 
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observed with docetaxel administered alone and a corresponding reduction of arrest at the G0/G1 phase (P<0.05) was observed. However, in EGFR-TKI-resistant A549 and PC9/GR cells the concurrent administration of docetaxel and gefitinib resulted in alterations in the cell cycle phase distributions and overlapping effects from the two agents.
Effects of docetaxel or gefitinib alone, or in combination on cell apoptosis.
To further evaluate whether observed growth inhibition is due to enhanced apoptosis, cell apoptosis analyses were performed using an Annexin V/PI assay. In EGFR-sensitive PC9 cell lines, combined treatment with gefitinib and docetaxel resulted in a significant increase in the apoptotic population compared with cells treated with each single agent (Fig. 4) . By contrast, when EGFR-TKI-resistant A549 and PC9/GR cells were exposed to cotreatment with docetaxel and gefitinib, a decrease in apoptosis was observed compared with cells treated with docetaxel alone.
Collectively, these results indicate that gefitinib antagonizes docetaxel-induced apoptosis in NSCLC cell lines with primary and acquired resistance to EGFR-TKI, and has the opposite effect on the EGFR-TKI-sensitive cell line.
Effect of gefitinib or docetaxel, or their combination on EGFR-mediated signaling pathways.
To determine the effects of single or combined drugs on the EGFR signaling pathway, the levels of phosphorylated EGFR and phosphorylated AKT in PC9, A549 and PC9/GR cell lines were analyzed by immunoblotting. Cells were exposed to the IC 50 concentration of each drug for 72 h. Gefitinib inhibited the activation of EGFR and its downstream signaling mediator, AKT, effectively in gefitinib-sensitive PC9 cells, whereas the inhibitory effects on these signaling pathways in EGFR-TKI-resistant A549 and PC9/GR cells were significantly less than in PC9 cells (Fig. 5) .
In addition, when the three NSCLC cell lines were exposed to docetaxel at its IC 50 -value dose for 72 h, the levels of p-EGFR and p-AKT were increased in PC9 cells, while in A549 and PC9/GR cells, docetaxel decreased the levels of p-EGFR and p-AKT compared with those of unexposed cells. Additionally, when the PC9 cells were exposed to a combination of docetaxel and gefitinib for 72 h, the levels of p-EGFR and p-AKT were significantly decreased compared with their levels in the control, whereas, concurrent administration of the two drugs increased the levels of p-AKT and p-EGFR in the A549 and PC9/GR cells. However, compared with the control, there was no significant alteration in the total EGFR and AKT expression (Fig. 5) .
Discussion
EGFR-targeted anticancer agents, including gefitinib and erlotinib, have improved the survival rates in patients whose tumors harbor activating mutations within the EGFR gene (3, 4) . However, the presence of primary or acquired resistance to EGFR-TKIs has limited the effects of these targeted drugs. Thus, the development of novel treatment strategies for patients with NSCLC is an urgent clinical objective.
Previous in vitro and in vivo studies suggest that EGFR-TKIs enhance the anticancer effects of specific conventional cytotoxic drugs, which may lead to less toxic and more effective cancer treatment options (20) (21) (22) .
However, the concomitant use of EGRF-TKIs with cytotoxic chemotherapy in four clinical randomized phase III trials of INTACT-1, INTACT-2, TALENT and TRIBUTE showed no survival improvement over chemotherapy alone in patients with advanced NSCLC (15, 16, 23, 24) . The unexpected negative results may have been explained by either the lack of patient selection or antagonism between EGFR-TKIs and chemotherapeutic agents (17, 18) .
The present study was performed in EGFR-TKI-sensitive PC9 (EGFR mutant/wild-type K-Ras), EGFR-TKI-primary resistant A549 (wild-type EGFR/mutant K-Ras) and EGFR-TKI acquired-resistant PC9/GR human lung cancer cell lines to investigate the antiproliferative effects of gefitinib and docetaxel as single agents or in combined treatment.
Docetaxel and gefitinib exhibited dose-dependent antiproliferative effects when used as single agents to treat A549, PC9 and PC9/GR lung cancer cells. However, the IC 50 values of gefitinib in A549 and PC9/GR cell lines were higher compared with gefitinib-sensitive PC9 cells. Notably, synergism was only observed in the PC9 cells when gefitinib was combined with docetaxel. By contrast, in the EGFR-TKI-resistant A549 and PC9/GR cells, antagonistic interactions were observed upon concomitant administration. The antiproliferative effects in EGFR-TKIs-resistant cell lines were consistent with those observed in a previous study (25) .
A similar antitumor effect of combination therapy on cell apoptosis was also observed in the three NSCLC cell lines. Gefitinib induced minimal apoptosis in A549 and PC9/GR cells, whereas PC9 cells were more sensitive. Docetaxel alone induced marked apoptosis in all three cells examined. Notably, the combination of gefitinib and docetaxel exhibited superior rates of apoptosis only in the PC9 cell line with an EGFR mutation.
The mechanisms of the synergistic and antagonistic effects in different cell lines may be attributed to cell cycle distributions. In the current study, gefitinib arrested cells at the G0/G1 phase and docetaxel caused mainly S or G2/M phase accumulation in three cell lines. In the PC9 cells, when exposed to a combination of docetaxel and gefitinib, a cell cycle arrest pattern was observed that was similar to that resulting from treatment with docetaxel administered alone. However, in the A549 and PC9/GR cells, the concurrent administration of docetaxel and gefitinib resulted in alterations in the cell cycle phase distribution and overlapping effects from the two agents. Other studies also suggested that concurrent administration of EGFR-TKIs and chemotherapy resulted in an antagonistic interaction resulting from mutual cell cycle interference (26, 27) .
The differences in the antiproliferative effects of gefitinib combined with docetaxel may also result from their effects on growth signaling pathways. AKT is an important downstream target of the EGFR pathway and is known to inhibit apoptosis in several ways (28) . The results from the current study showed that in the PC9 cells, which are highly sensitive to gefitinib, there was a marked inhibition of p-AKT and p-EGFR following treatment with gefitinib. By contrast, in the EGFR wild-type A549 and gefitinib-acquired-resistant PC9/GR cell lines, there was no significant inhibition of p-EGFR and p-AKT following treatment with gefitinib. In the PC9 EGFR mutant cells, an increase in p-EGFR and p-AKT was observed following docetaxel treatment. By contrast, in the EGFR-TKI-resistant A549 and PC9/GR cells, docetaxel exposure did not result in increased EGFR or AKT phosphorylation. The results were inconsistent with those of previous studies, which reported that docetaxel increased the levels of phosphorylated AKT Figure 5 . The effects of gefitinib and docetaxel alone and concurrent exposure for 72 h at their IC 50 concentration. Proteins of EGFR and its downstream signaling pathways were analyzed subsequent to treatment by western blot analysis with corresponding antibodies. The expression levels of the proteins were detected in PC9, A549 and PC9/GR cells. β-actin was used as loading control. C, D, G and D+G refer to control, docetaxel, gefitinib and concurrent administration, respectively. EGFR, epidermal growth factor receptor.
in EGFR-TKI-resistant cell lines (29) . The conflicting results may be in part due to the different heritage characteristics of the cell lines and a lower concentration of docetaxel.
When gefitinib was combined with docetaxel, a significant decrease in p-AKT and p-EGFR levels was observed in the PC9 cells, as compared with the control. However, in the A549 EGFR-TKI-primary resistant cells and PC9/GR EGFR-TKI-acquired resistant cells, the levels of p-EGFR and p-AKT increased when gefitinib and docetaxel were applied together. These observations of p-EGFR and p-AKT in NSCLC cells indicate that the interactions between gefitinib and docetaxel may be associated with the effect of docetaxel on EGFR phosphorylation and AKT phosphorylation. Similar to the current results, previous studies reported that EGFR phosphorylation levels following chemotherapy determine the response to combined gefitinib/chemotherapy treatment in NSCLC cells (30, 31) .
In conclusion, the present study demonstrated that docetaxel in combination with gefitinib, resulted in differences in inhibition of tumor cell proliferation and rates of apoptosis in three NSCLC cell lines in vitro. The observation of synergistic and antagonistic effects between gefitinib and docetaxel in the three NSCLC cell lines may indicate that coadministration of gefitinib and docetaxel may be beneficial to NSCLC patients with EGFR mutant tumors. However, to be able to generalize, confirmation of this observation in a larger number of NSCLC cell lines is necessary and further studies are required to explore in vivo concurrent administration of gefitinib plus docetaxel in patients with EGFR-TKI-resistant NSCLC.
